The effect of electron confinement on the magnetocrystalline anisotropy of ultrathin bcc Fe films is explored by combining photoemission spectroscopy, x-ray magnetic circular dichroism, and magnetooptical Kerr effect measurements. Pronounced thickness-dependent variations in the magnetocrystalline anisotropy are ascribed to periodic changes in the density of states at the Fermi level, induced by quantization of d xz , d yz out-of-plane orbitals. Our results reveal a direct correlation between quantum well states, the orbital magnetic moment, and the magnetocrystalline anisotropy. DOI: 10.1103/PhysRevLett.113.067203 PACS numbers: 75.30.Gw, 73.21.Fg, 75.70.Tj, 79.60.-i In thin films, electron motion can be confined by the potential barriers at the interfaces, leading to the formation of quantum well states (QWS). Recently, increasing attention has been paid to the quantum confinement of spin-polarized electrons, motivated by both fundamental questions and applications in spintronics. While numerous studies report the spin-dependent confinement of nearly free sp electrons In this Letter, we experimentally demonstrate the direct correlation between oscillations of the in-plane MAE and the density of states at the Fermi level due to majority QWS of Δ 5 character in ultrathin bcc Fe films. We further show that the key factor that governs the oscillations of the MAE is a change of the in-plane component of the orbital magnetic moment. Our results yield the intuitive picture that the quantization of the wave vector perpendicular to the film surface arises due to the confinement of the electron motion in out-of-plane orbitals, which in turn, results in changes of the in-plane orbital magnetic moment.
In thin films, electron motion can be confined by the potential barriers at the interfaces, leading to the formation of quantum well states (QWS). Recently, increasing attention has been paid to the quantum confinement of spin-polarized electrons, motivated by both fundamental questions and applications in spintronics. While numerous studies report the spin-dependent confinement of nearly free sp electrons [1] [2] [3] , QWS from d electrons are still poorly explored. The short lifetime and mean-free path of d states make them, in fact, elusive to experimental detection [4] . The confinement of d electrons is particularly interesting in ferromagnetic transition-metal films where the d electrons themselves largely govern the magnetic properties. Correspondingly, QWS in the vicinity of the Fermi level E F are expected to modulate the magnetocrystalline anisotropy energy (MAE) [5] . Indeed, an oscillatory magnetocrystalline anisotropy as a function of the overlayer thickness has been observed experimentally for bcc Fe and fcc Co films [6] [7] [8] and ascribed to the quantization of d states. Because of its potential to simultaneously control the magnetization direction [8] and the tunneling magnetoresistance ratio [9] , spin-polarized confinement in ferromagnetic films is of great technological interest.
In this Letter, we experimentally demonstrate the direct correlation between oscillations of the in-plane MAE and the density of states at the Fermi level due to majority QWS of Δ 5 character in ultrathin bcc Fe films. We further show that the key factor that governs the oscillations of the MAE is a change of the in-plane component of the orbital magnetic moment. Our results yield the intuitive picture that the quantization of the wave vector perpendicular to the film surface arises due to the confinement of the electron motion in out-of-plane orbitals, which in turn, results in changes of the in-plane orbital magnetic moment.
All the experiments were performed in ultrahigh vacuum systems, with base pressure below 1 × 10 −10 mbar. Two types of crystals, flat Ag(001) and vicinal Ag(116), were employed. The substrates were cleaned by cycles of ion bombardment (Ar þ , 1 keV) and subsequent annealing at 775 K. The chemical cleanness and surface roughness of the substrates were verified by Auger electron spectroscopy and low-energy electron diffraction. The bcc Fe films were grown at room temperature by molecular beam epitaxy as either wedge-shaped or constant-thickness samples, depending on the demands of particular experiments. After the growth process, the Fe films were annealed at 500 K in order to improve the surface morphology [10, 11] . We limit our discussion to effects caused solely by QWS so that we focus here on Fe thicknesses above the spin reorientation transition (SRT), i.e., above 6 ML of Fe [12] (see the Supplemental Material [13] ).
The symmetry character and spin polarization of the QWS were determined by polarization-dependent and spinresolved photoemission spectroscopy (PES). The magnetic anisotropy was determined via magneto-optical Kerr effect (MOKE) measurements, while the orbital magnetic moment was deduced by means of x-ray magnetic circular dichroism (XMCD). The photoemission spectra were recorded at 150 and 300 K, in normal emission, with the incident light polarization either perpendicular (s polarization) or parallel (p polarization) to the optical plane [ Fig. 1(a) ]. The photoelectron spin was measured by an electron spin analyzer based on exchange scattering at Fe=Wð001Þ [14] [ Fig. 1(a) ].
The thickness-dependent photoemission spectra obtained with s-polarized incident light are shown in Fig. 1(b) . The oscillations of the PES intensity with increasing Fe thickness indicate the formation of QWS in the vicinity of the Fermi level E F . In normal emission [ Fig. 1(a) ], the dipole selection rules allow transitions from Δ 1 (of sp; d z 2 orbital character) and Δ 5 (of d xz , d yz orbital character) initial states with incident p-polarized light, whereas only from Δ 5 states for s-polarized light [17, 18] . Since the QWS can be observed for both polarizations, they originate from the Δ 5 band, consisting of the doubly degenerated d xz and d yz outof-plane orbitals [19] . Additional information about the electronic band forming QWS can be deduced from the period L of the photoemission intensity oscillations [20] . The period L (in ML) is directly related to the wave vector of the confined electronic state as L ¼ ð2π=aÞðk env Þ −1 , where a is the lattice constant and k env is defined as the wave vector spanning the crossing point of the electronic band at a given energy and the nearest high-symmetry point of the Brillouin zone (BZ) [21] . The period of the photoemission intensity oscillations in our experiment L ¼ 4.5 AE 0.3 ML (at 0.2 eV below E F ) corresponds to k env ¼ 0.22 AE 0.01k BZ (where k BZ ¼ 2π=a is the wave vector corresponding to the H point at the Brillouin zone boundary). For a photon energy of 6 eV, a corresponding nearly resonant electronic transition from d xz , d yz majorityspin state to d z 2 state is depicted by a vertical arrow in Fig. 1(c) . By looking at the bulk electronic structure of bcc Fe [ Fig. 1(c) ], we can conclude that the observed QWS of Δ 5 symmetry are expected to be dominated by majorityspin electrons (corresponding to k env ≃ 0.2k BZ ) rather than minority-spin electrons (corresponding to k env ≃ 0.5k BZ ).
Since the spin polarization of the photoelectrons in our scattering geometry is mainly determined by the exchange splitting and spin-orbit coupling of initial states [22] , the spin-resolved photoemission measurements allow us to assess the magnetic properties of the confined d xz , d yz orbitals. Spin-resolved PES intensity profiles were measured as a function of the Fe film thickness, at fixed energy 0.2 eV below E F (not shown here), as well as spin-resolved PES spectra at thicknesses corresponding to the maxima and minima of the PES intensity modulations. Typical spinresolved PES spectra recorded at 300 K, for thicknesses t Fe ¼ 9 ML (PES intensity maximum) and t Fe ¼ 11 ML (PES intensity minimum), are shown respectively in Figs. 2(a) and 2(b). In these graphs, the partial intensities of majority I ↑ and minority I ↓ photoelectrons, together with the corresponding spin polarization defined as P ¼ ðI ↑ − I ↓ Þ=ðI ↑ þ I ↓ Þ, are depicted as a function of initial state energy. The spectra show predominantly majorityspin character, as expected for low photon energies [23, 24] . The spin polarization reaches a maximum of 0.45 at the energy of 0.2 eV below E F , in good agreement with previous reports on the Fe(001) surface [23, 25] . The slight increase of spin polarization approaching 0.2 eV below E F confirms the majority-spin character of the probed initial states. However, there is no significant difference in the spin polarization between maxima and minima of the PES intensity. In fact, both majority (red-up triangles) and minority (blue-down triangles) partial intensities decrease to 41% of their maximum intensities, from t Fe ¼ 9 to 11 ML, showing that the probed initial state is a mixture of majority and minority states. A significant spin mixing in ferromagnetic films can occur in the proximity of hybridization points due to the spin-orbit interaction [26, 27] . The origin of the spin mixing in the present QWS is, however, not clear, since there are no such hybridization points across the Δ 5 band in the vicinity of the H point [28] .
In order to study the effect of QWS on the magnetic anisotropy, we performed MOKE measurements on Fe films grown on the Ag (116) Thickness-and energy-dependent photoemission intensity distribution of Fe=Agð001Þ at 300 K, for s-polarized incident light, with energy hν ¼ 6 eV. The intensity peaks below E F correspond to the resonant transition depicted by a vertical arrow in the (c) spin-resolved bulk Fe(001) band structure [15, 16] . The curves in red (blue) are the majority (minority) spin-split bands. The initial states are QWS of the majority-spin Δ 5 band near the H point, which mainly consists of the doubly degenerated d xz , d yz orbitals.
additional in-plane uniaxial magnetic anisotropy and allows us to measure split hysteresis loops, characterized by a shift field H s . The value of H s is a measure of the in-plane uniaxial magnetic anisotropies and allows us to determine the period and amplitude of magnetic anisotropy oscillations with high accuracy [6, 29] . Split hysteresis loops were recorded by in situ MOKE in the longitudinal configuration using a laser diode of wavelength 670 nm at fixed incidence angle φ ¼ 30°measured with respect to the sample normal. The shift fields H s , evaluated from split hysteresis loops measured at T ¼ 5 K, are plotted in Fig. 3 as a function of Fe film thickness. Pronounced oscillations of H s with a period of L ¼ 5.5 AE 0.3 ML are observed, in agreement with previous reports [6, 7] . A larger H s value means that more magnetic field has to be applied perpendicular to the step edges to align the magnetization with the external field and, therefore, corresponds to higher magnetic anisotropy. In Fig. 3 , H s obtained from MOKE measurements is compared with the photoemission intensity at 0.2 eV below E F .
The comparison of MOKE and PES measurements indicates that both oscillatory phenomena are correlated. The contributions to the MAE due to quantization are expected to reach a maximum for Fe thicknesses at which the QWS cross E F [30] . Because of the thickness dispersion of the QWS, the period of the PES intensity oscillations is energy dependent. Therefore, the Fe thicknesses at which the QWS cross E F are different from the thicknesses at which the PES intensity peaks appear at 0.2 eV below E F . Accordingly, there is a shift in thickness of the PES peaks with respect to the maxima of H s (Fig. 3) . It is worth noting that the dispersion of QWS is less pronounced in our experiment [ Fig. 1(b) ] than in the typical QWS from sp bands [20] . This confirms that the wave functions observed by us in PES are built of localized d orbitals that form narrow energy bands.
Although a mutual relation between oscillatory photoemission intensity and shift field H s appears straightforward, we cannot completely exclude the possibility that a band with other spatial symmetry contributes to the oscillatory magnetic anisotropy [31] . It is, therefore, desirable to explore the microscopic mechanism of the magnetic anisotropy oscillations in more detail. As proposed by Bruno [32] , a direct connection between orbital moment anisotropy and magnetocrystalline anisotropy can exist [33] . In this respect, the orbital moment provides a link between electronic orbitals and magnetic anisotropy. Thus, it is essential to verify how the formation of d-QWS influences the orbital magnetic moment. For this purpose, XMCD measurements were performed at the bending magnet station beam line 4B at the UVSOR-II in Institute for Molecular Science, Japan [34] . The schematic view of the XMCD experiment on Fe=Agð116Þ is shown in Fig. 4(a) . All the absorption spectra were taken in saturation by applying a magnetic field of AE4 T, while leaving the photon helicity σ − unchanged. The x-ray propagation direction and the magnetic field direction are always collinear in the present setup (see the Supplemental Material [13] ). Three geometries of the applied magnetic field were used: (i) perpendicular to the macroscopic sample plane (θ ¼ 0°), (ii) perpendicular to the step edges at θ ¼ 55°, and (iii) parallel to the step edges at θ ¼ 55°. The XMCD data set of three independent incidence angles allows us to evaluate the orbital moment component perpendicular to the sample plane and the in-plane orbital moment components along the step edges (m . 2 (color online) . Spin-resolved PES spectra for (a) t Fe ¼ 9 ML and (b) 11 ML, PES intensity maximum and minimum, respectively. The red-up (blue-down) triangles correspond to the majority (minority) spin partial intensity, with respect to the in-plane remanent magnetization direction, measured with s-polarized light, at 300 K. Both spin-channel intensities vary equally with thickness, leading to a monotonic behavior of the spin polarization.
FIG. 3 (color online). Thickness dependence of the photoemission intensity at the d-QWS
energy E − E F ¼ −0.2 eV at T ¼ 300 K and of the shift field H s obtained from MOKE measurements at T ¼ 5 K. PRL 113, 067203 (2014) P
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067203-3 (Supplemental Material [13] ). Within the perturbation theory approach [32, 33] , the components m Fig. 1(c) ]. Such pairs of states have vanishing elements of L z , which explains the lack of oscillations of the orbital moment for the direction perpendicular to the sample plane. It also shows that pairs of states coming solely from the Δ 5 band (for which hd zx jL z jd yz i ≠ 0) have a negligible contribution to the oscillatory orbital moment in the investigated Fe film.
In order to compare the orbital magnetic moment m orb with magnetic anisotropy, it is more suitable to follow the anisotropy of the orbital moment rather than m orb itself [37] . The dependence of the anisotropy of the in-plane orbital moment Δm orb (i.e., the difference between m ∥ orb and m ⊥ orb ) on Fe thickness is shown in Fig. 4(c) . Two maxima in Δm orb can be distinguished at ∼8.4 ML and ∼12.5 ML, i.e., at the same thicknesses of Fe (within the experimental error AE0.3 ML), at which the maxima of H s and PES intensity are observed. This highlights a correlation between the quantization of d xz , d yz orbitals, the anisotropy of the in-plane orbital moment Δm orb , and the shift field H s .
The anisotropy of the orbital moment is the sum Δm orb ¼ Δm [32, 33] , where ξ ¼ 54 meV is the spin-orbit coupling constant for Fe and the prefactor α ¼ 0.05 accounts for differences between microscopic and macroscopic probes of the MAE [38] . Simultaneously, the in-plane uniaxial magnetic anisotropy is well described by the equation MAE ¼ μ 0 H s M s [29] , where M s is the saturation magnetization of bcc bulk Fe. Thus, the fact that the two maxima observed in the thickness dependence of Δm orb [ Fig. 4(b) ] coincide with the maxima of H s measured by MOKE (Fig. 3) confirms that the oscillations of Δm orb and MAE result from the oscillatory dependence of Δm correspond to a change of magnetic anisotropy of 2.9 μeV= atom (at 9 ML) and 8.4 μeV=atom (at 13 ML). The difference in the oscillation amplitude value of MAE obtained in the two methods is most likely associated with inappropriate choice of the prefactor α, whose origin is not fully understood and which can be modified by the presence of atomic step edges [39] . The best agreement between the oscillation amplitude obtained from MOKE and XMCD is obtained for α ¼ 0.01. Note that in both H s and Δm orb dependencies, the maximum at ∼8.4 ML is of much smaller amplitude than the maximum at ∼12.5 ML. This is due to the proximity of the SRT thickness, at which the change in surface magnetic anisotropy reduces the in-plane uniaxial anisotropy [40] .
As explained in the Supplemental Material [13] , the observed oscillatory orbital magnetic moment in Fe=Agð116Þ and oscillatory photoemission intensity in Fe=Agð001Þ come from the same electronic orbitals since the oscillations of m orb are found mostly for the direction perpendicular to the steps that corresponds to d xz orbitals. The lobes of these orbitals lie in the vertical plane parallel to the steps so that their energies are only slightly modified, in comparison to those of Fe=Agð001Þ, by the presence of the stacking faults. This implies that the period of oscillations should be similar in both systems, indeed, what is observed in our experiments. It can be also argued (see the Supplemental Material [13] ) that the existence of in-plane QWS due to the finite width of terraces on stepped surfaces [41] should not have a significant effect on the out-of-plane QWS observed in the present experiments.
Our PES results demonstrate that QWS can be clearly observed between 150 and 300 K, but previous MOKE experiments [6, 30] found that MAE oscillations vanish above 200 K. The difference in the temperature dependence is due to the fact that MAE oscillations result not only from oscillations of the density of states itself but also require 067203-4 that in each pair of coupled states contributing to MAE (i.e., Δ 5 and Δ 0 2 in this case) one of them is located above E F and the other below E F . With increasing temperature, the thermal energy spread near E F becomes comparable to the energy difference between the two states and, as a consequence, the MAE oscillations vanish [5, 30] .
Summarizing, we demonstrated that the magnetic anisotropy oscillations with increasing Fe film thickness are a direct consequence of the quantization of d states with Δ 5 spatial symmetry and majority-spin character. It is also found that the oscillations result from the coupling of these states with majority-spin states with Δ 0 2 symmetry. We further show that the periodic contributions to the magnetic anisotropy due to QWS are governed solely by the in-plane orbital magnetic moments. The mechanism that we unveiled here can be extended to other magnetic materials, opening the possibility of tailoring magnetic anisotropy by appropriate electronic-structure engineering.
